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In this article we show a refueling strategy analysis using different injector configurations
to refuel a 70 MPa composite reinforced type 4 tank. The gas has been injected through
single openings of different diameters (3 mm, 6 mm and 10 mm) and alternatively through
multiple small holes (4  3 mm). For each injector configuration, slow (12 min) and faster
(3 min) fillings have been performed. The gas temperature has been measured at different
positions inside the tank, as well as the temperatures of the wall materials at various lo-
cations: on the external surface and at the interface between the liner and the
fiber reinforced composite. In general, the larger the injector diameter and the slower the
filling, the higher the chance that the gas develops vertical temperature gradients (a so-
called gas temperature stratification), resulting in higher than average temperatures near
the top of the tank and lower than average at its bottom. While the single 3 mm opening
injector causes homogeneous gas temperatures for both filling speeds, both the 6 mm and
10 mm opening injectors induce gas temperature stratification during the 12 min fillings.
The injector with multiple holes has an area comparable to the 6 mm single opening
injector: in general, this more complex geometry tends to limit the inhomogeneity of gas
temperatures during slow fillings. When gas temperature stratification develops, the wall
materials temperature is also locally affected. This results in a higher than average tem-
perature at the top of the tank and higher the slower the filling.
© 2016 The Authors. Published by Elsevier Ltd on behalf of Hydrogen Energy Publications
LLC. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).Introduction
Hydrogen fueled vehicles have the advantage of low carbon
dioxide emissions when renewable energies are used for
hydrogen production [1,2]. Moreover, they provide the func-
tionality of a gasoline/diesel cars; they can be refueled in
3e5 min and they have autonomy for hundreds of kilometersria@ec.europa.eu (N. de M
r Ltd on behalf of Hydrogen En
-nd/4.0/).before they need refueling. Expected vehicle range per full
fueling is taken to be greater than or equal to 500 km (300
miles) [3e5].
For hydrogen vehicles, specific on-board storage technol-
ogies are necessary to approach typical energy densities of the
traditional liquid fuels. At present, the most commonly
adopted storage solution by car manufacturers is compressediguel).
ergy Publications LLC. This is an open access article under the CC BY-NC-ND
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mospheric conditions, high pressures are required inside the
fuel tanks in order to achieve autonomy comparable to con-
ventional vehicles. Fully wrapped carbon fiber reinforced
tanks designed to work under a nominal working pressure
(NWP) of 70 MPa are used in the last generation of hydrogen
powered vehicles [6].
During refueling, the compression of the hydrogen inside
the tank (performed in less than 5min), heats the gas, with the
risk of exceeding the þ85 C tank design temperature limit
[3e5]. Furthermore, the temperature increase reduces the
density of the hydrogen for a targeted pressure and this re-
duces the final State of Charge (SoC) of the hydrogen tank. The
SoC is defined as the ratio between the hydrogen density at a
given temperature and pressure and the full tank density at
15 C and 70 MPa. If during the filling the average gas tem-
perature increases inside the tank (up to the maximum
allowed temperature of 85 C), the target pressure has to be
also increased (up to a maximum of 125% NWP) in order to
reach the 100% SoC [7]. To refuel on-board hydrogen tanks
within the safety temperature and pressure limits and with a
reasonable level of filling, the SAE (Society of Automotive
Engineers) developed a hydrogen fueling protocol SAE J2601
[8].
The Fuel Cells and Hydrogen Joint Undertaking (FCH JU)
funded project HyTransfer [9] aims at developing and experi-
mentally validating a practical approach for optimizing
hydrogen refueling by means of temperature control during
fast transfers of compressed hydrogen. The purpose is tomeet
the specified limits taking into account the thermal behavior
of the compressed hydrogen storage system (CHSS) [3]. This
new filling approach will be fed into the present standardi-
zation efforts. Different strategies are being studied in order to
find the most practical, efficient and safest refueling for a SoC
value above 95%. There are different parameters affecting the
average and maximum temperature of the gas achieved dur-
ing a refueling. Filling conditions as inlet temperature, filling
rate, filling pattern and end pressure are important to prevent
the temperature from exceeding the design temperature, to
make the filling homogeneous and to achieve filling within a
short time [10e13]. In addition to the filling conditions, tank
characteristics (such as materials, dimensions of the tank or
the configuration of the gas injector) also influence the refu-
eling performance.Fig. 1 e Scheme of the JRThe design of the gas jetting inside a tank is an important
feature which influences the temperature evolution during
hydrogen refueling. In the workmade by Terada et al. [14], the
effect of the gas nozzle diameter on the filling of a 35 MPa type
4 tank was studied. They performed fillings with the gas
axially jetted from nozzles of different sizes (4.5 mm, 7 mm,
8.5 mm and 10 mm diameter). Terada et al. related the local
gas temperature rise to the low gas velocity at the injector
outlet and concluded that a local gas temperature rise in the
upper area of the tank during the filling tends to decreasewith
the reduction of the nozzle diameter and with the increase of
the filling rate.
In the present article, the temperature evolution during
refueling of a 70 MPa NWP type 4 tank is studied using
different gas jetting configurations. Injectors with single
openings of different sizes (3 mm, 6mm and 10mmdiameter)
have been tested. Moreover, an injector with 4 openings of
small diameter (4  3 mm) has been also tested to investigate
the effect of this configuration on local gas temperatures. Two
different filling rates have been also considered to understand
the effect of the injector on the temperature distribution in-
side the tank.Experimental
Testing facility
The experiments presented in this article have been per-
formed in GasTeF, the JRC-IET compressed hydrogen gas
tanks testing facility [15]. In Fig. 1, a scheme of the facility is
shown. The filling of the tanks (horizontally placed inside the
sleeve) is performed in two stages; a first stage consists of a
pressure equilibration with the hydrogen reservoir (which is
kept at a pressure between 22 and 24 MPa) followed by a
second stage by pressurizing the gas with a hydraulic
compressor. The hydrogen temperature is controlled by a gas
cooler and the flow is measured by a RHM03 Coriolis mass
flowmeter (Rheonik GmbH) placed in the gas line, 50 cm from
the test vessel. Pressure and temperature sensors placed also
in the gas line, 30 cm away from the test tank, were used to
control de inlet gas temperature and pressure. All the facility
operational data and the measurements from the scientificC's GasTeF facility.
Fig. 2 e Schematic of the instrumentation on the tested
tank.
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system. The time interval for data logging is 0.6 s.Test tank and instrumentation
A 70MPa NominalWorking Pressure (NWP) type 4 tank for on-
board hydrogen storage has been used for the experiments.
This tank has been speciallymanufactured byHexagon for the
project HyTranfer [9] with a number of thermocouples
embedded between the liner and the composite wrapping.
The tank has a length of 913 mm and an external diameter of
312mm. The storage volume of the tank at 70 MPa and 15 C is
36 L with a hydrogen capacity of 1.5 Kg.
As done in our previous studies [10e12], the tank has been
instrumented with temperature and pressure sensors as
shown in Fig. 2. The pressure in the tank is measured with a
pressure transducer (PT) placed at the rear of the tank. The
temperature of the gas at different positions (1e6) is moni-
tored with a thermocouples tree array introduced to the tank
from the rear opening. The temperature on the liner (Liner)
has been determined bymonitoring one of the thermocouples
embedded between the liner and the composite wrapping
(close to the gas temperature measuring points on top of the
tank). Finally, an extra thermocouple was attached to the
external wall on top of the tank (Top Wall) where tempera-
tures are expected to be highest [12]. In Fig. 2, the coordinates
of the temperature sensors (distance in millimeters from the
front boss of the tank and from the longitudinal axis) are
given.
The refueling experiments have been performed with the
four different configurations shown in Fig. 3. Three different
injectors, designed for the HyTransfer project [9] have been
tested. The injectors have a length of 215 mm from the gasFig. 3 e Pictures of the three different injectors (4 £ 3 mm, 3 mm
injectors are mounted.inlet boss; two of them with a circular opening of 3 mm and
6 mm respectively and another one with four 3 mm holes
distributed evenly along the circumference. The inlet diam-
eter of the longitudinal part of this injector before the open-
ings is 6 mm. Moreover, we have performed refuelings with
the 10 mm opening end plug (from now on called 10 mm
nozzle). It is important to notice that the flow is directed along
the main axis of the tank with the 3 mm and 6 mm injectors
and with the 10 mm nozzle while in the case of the 4  3 mm
injector, the flow is directed perpendicular to the main axis.Description of the tests
The filling experiments have been performed using the
described 4 different configurations and at two different
AverageMass Ramp Rates (AMRR), of 2 g/s and 8 g/s, chosen as
representative of slow and average refuelings. The AMRR
represents an average value considering the increase of mass
in the total time required for reaching the final mass. The
hydrogen mass flow rate entering the tank during the filling
has been monitored with the mass flow meter placed at the
inlet of the test vessel. Moreover, the gas densities inside the
tank and of the inlet gas along the fillings have been calcu-
lated, using the standard equation for the determination of
hydrogen gas densities developed by NIST [16]. Recorded data
of temperature and pressure, with a time interval of 1 s, have
been used as input in the NIST equation. With the density of
the gas inside the tank, the SoC has beenmonitored during the
filling [7]. For the calculation of the average gas density in the
tank an average gas temperature has been calculated making
use of the readings of temperature sensors 1, 2, 3, 4 and 6. Also
the evolution of the gas velocity at the outlet of the injector
has been calculated making use of the approach already
adopted by Terada et al. [14]. The gas temperature and pres-
sure data just before the injector as well as the mass flow rate
recorded by the mass flow meter with a time interval of 1 s
have been used. The gas velocity at the end of the filling is the
slowest and the least favourable for the gasmixing. Therefore,
this value has been calculated as average of the last 4% of the
data recorded for each filling.
Pre-cooled hydrogen at an average inlet gas temperature of
20 C has been used in all the tests shown in this article. This
temperature has been chosen as an intermediate cooling
temperature that could guarantee the 100% SoC in type 4
tanks for fillings performed in less than 4 min [17]. The initial
pressure and temperature of the tank was in all experimentsand 6 mm) and the end plug (10 mm nozzle) on which the
i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 1 ( 2 0 1 6 ) 1 9 4 4 7e1 9 4 5 4194502 MPa and 20 C (tank in thermal equilibrium with the sur-
rounding environment) respectively. The tank was filled until
reaching a pressure which corresponds to a SoC value close to
100% without exceeding the maximum allowable filling
pressure of 125% NWP [7].Fig. 5 e Evolution of measured pressure and gas
temperature (left axis) and the calculated speed of gas in
the injector (right axis) for a filling with 6 mm diameter
injector and an AMRR of 2 g/s.Results and discussion
Gas temperature stratification during a slow filling (2 g/s)
In Fig. 4, the temperature evolution inside the tank during the
filling with the 3 mm injector and at 2 g/s AMRR is shown. In
the graph, together with the measured gas temperatures, the
tank pressure and the calculated velocity of the gas at the
outlet of the injector have been plotted. For both AMRRs, the
gas velocity at the outlet of the 3 mm injector is enough to
produce a homogeneous temperature distribution along the
entire duration of the filling [12].
Terada et al. [14] have found a correlation between the gas
velocity and the onset of vertical temperature gradient during
filling. When the gas velocity decrease below a certain value
(5 m/s in their case), the temperature in the upper part of the
tank starts diverging from the one measured at the centre of
the tank. This has been associated to a change in the fluid
behavior, corresponding to the point where convection phe-
nomena start to dominate over turbulence. This effect has
been confirmed in the present study, where the gas temper-
ature has been measured along the vertical axis in more lo-
cations than in Ref. [14].
Figs. 5 and 6 show temperature, pressure and gas velocity
profiles for the 2 g/s AMRR fillings with the 6 mm and 10 mm
single opening injectors. In the first part of both fillings (first
130e150 s), corresponding mainly to the pressure equilibra-
tion with the gas reservoir, the mass flow rate is the highest of
the entire filling [10] and the density of the inlet gas the lowest.
This results in the highest gas velocity at the outlet of the
injector. As the pressure increases, the gas velocity entering
the tank decreases and when lowered down certain value, the
gas mixing is reduced and different temperatures are devel-
oped within the tank. Associated to the heat transfer betweenFig. 4 e Evolution of measured pressure and gas
temperature (left axis) and the calculated speed of gas in
the injector (right axis) for a filling with a 3 mm diameter
injector and an AMRR of 2 g/s.the gas and the tank, the warmer and less dense gas takes the
highest positions in the tank while the heavier cold gas re-
mains on the bottom. This produces gas temperature strati-
fication inside the tank in a similar way to what has been
observed during the defueling of hydrogen tanks [18]. Both
fillings (with the 6 mm injector and 10 mm nozzle) show a
similar pattern although the gas temperature stratification is
more pronounced in the case of bigger diameter. This is due to
the fact that in this case, for the same mass flow, the gas ve-
locity results lower than in the case of smaller diameters. At
the end of the filling, with both injectors, the gas velocity was
below 1 m/s. With the 6 mm injector, a 30 C temperature
difference between the top and bottom of the tank has been
measured at the end of the filling while this difference
increased up to 60 C for the filling performed with a 10 mm
nozzle.Temperature evolution during a fast filling (8 g/s)
The faster the filling, the less the time available for heat
transfer between the gas and the solid components of the tank
and this, results in a higher gas temperature increase inside
the tank [12,19]. However, due to the higher level ofFig. 6 e Evolution of measured pressure and gas
temperature (left axis) and the calculated speed of gas in
the injector (right axis) for a filling with a 10 mm diameter
nozzle and an AMRR of 2 g/s.
Fig. 8 e Evolution of measured pressure and gas
temperature (left axis) and the calculated speed of gas in
the injector (right axis) for a filling with a 10 mm diameter
nozzle and an AMRR of 8 g/s.
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pected. As it can be observed in Fig. 7, in a fast filling of less
than 3 min, with the 6 mm injector, homogeneous tempera-
tures are reached inside the tank. Only a few seconds after the
end of the filling, highlighted in the graph with an oval, the
temperature at the highest position of the tank (measured by
thermocouples 3 and 5) diverged by a few degrees from that
measured at other tank locations.
Fig. 8 shows a fast filling with the 10 mm nozzle. When the
gas velocity decreases below 4m/s after approximately 80 s of
filling, the temperature at the top of the tank started diverging
from the average gas temperature. This is the confirmation of
an effect already observed by Terada et al. [14], which corre-
lates the departure from gas temperature homogeneity with
reduction of the gas velocity below a specific value.
At the end of the filling, with a measured gas velocity of
1.6 m/s, a significantly higher temperature was measured on
the top of the tank with a temperature difference of about
40 C with the ones at other locations.
The thermocouple tree is fixed in a specific position of the
tank (see Fig. 2) and it might happen that there is warmer or
colder gas in other points not being measured. Actually, the
discontinuous higher temperatures measured by sensors 3
and 5 have been confirmed by computational fluid dynamics
simulations done at JRC-IET [20] with a validated model [21].
The discontinuity has been associated to a hot cloud (created
above the injector, where the mixture with the entering cold
gas occurs to a less extent) moving from the tank inlet region
towards the rear. This movement of hotter gas could be also
concluded from the observations made in the slow filling with
the 6 mm injector (Fig. 5) where the sensor 3 located closer to
the inlet sees the increase of temperature before the sensor 5.Effect of increasing the number of small openings in the
injector
An alternative geometry of injector with 4 openings of 3 mm
each has been also tested. The open area of this configuration
(28.3 mm2) is four times the one of single 3 mm opening
(7.1 mm2), equivalent to the one of 6 mm opening but signif-
icantly smaller than the 10 mm one (78.5 mm2). In Figs. 9 andFig. 7 e Evolution of measured pressure and gas
temperature (left axis) and the calculated speed of gas in
the injector (right axis) for a filling with a 6 mm diameter
injector and an AMRR of 8 g/s.10, the evolution of the gas temperature at different positions
inside the tank for the two tested AMRRs is shown. With the
multiple openings injector, the thermocouples measured
different temperatures already from the start of the filling.
During the filling, all local temperature values increase line-
arly with an approximately constant temperature gradient
inside the tank lower than 10 C. This phenomenon occurs at
both filling rates.
For the slow filling (2 g/s), the 4  3 injector configuration
causes a temperature gradient inside the tank significantly
lower than the maximum 27 C gradient measured with a
6 mm injector (Fig. 5). In the case of a faster filling (8 g/s),
however, when injecting the gas with a 6 mm injector (Fig. 7),
the gas velocity at the injector outlet was fast enough to get an
homogeneous temperature inside the tank during the entire
filling.
We think that the deviation from the general behavior
experienced with the four holes configuration is related to the
more complex gas flows caused by the their orientation along
the circumference of the injector, which directs the gases in
four different orientations perpendicular to the main longi-
tudinal axis. Different and more complex local flow lines are
expected in this case to cause different local temperature
profiles. The phenomena can be explained however in detailsFig. 9 e Evolution of measured pressure and gas
temperature (left axis) and the calculated speed of gas in
the injector (right axis) for a filling with a 4£ 3 mm injector
and an AMRR of 2 g/s.
Fig. 10 e Evolution of measured pressure and gas
temperature (left axis) and the calculated speed of gas in
the injector (right axis) for a filling with a 4£ 3 mm injector
and an AMRR of 8 g/s.
Fig. 11 e Temperature evolution on top of the tank (gas
given by thermocouple 5, liner and external wall) with
3 mm, 6 mm, 4 £ 3 mm and 10 mm openings and 2 g/s
AMRR.
i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 1 ( 2 0 1 6 ) 1 9 4 4 7e1 9 4 5 419452only by performing 3-dimensional analysis by means of
computational fluid-dynamics modeling.
Comparison of the different injector configurations
Table 1 shows a summary of the measured temperatures
achieved at the end of the fillings for all the experiments
performed in this article. For the gas temperatures, the table
gives the maximum and minimum values and the calculated
average temperature.
The average temperatures reached inside the tank at the
end of the filling appear to depend mainly on the filling speed
while different configurations cause minor differences. The
local temperature distribution inside the tank, however, is
strongly dependent on injector geometry. The 3 mm injector
induces homogeneous temperatures, but when the opening is
increased, the gas velocity entering the tank results slower
and local temperature differences start to appear. In a slow
filling (12 min), for comparable opening areas, the tempera-
ture gradient is reduced when injecting the gas through a
multiple small size openings injector.
The homogenization of the gas temperature during filling
is important for the control of the refueling process. For a
communication refueling, which controls the filling rate byTable 1eMeasured temperatures at the end of the fillings
performed with the four different gas jetting





wallAv Max Min DT
AMRR ¼ 2 g/s
3 mm injector 62.9 63.2 61.8 1.4 51.7 38.9
6 mm injector 62.1 80.8 53.6 27.2 63.2 45.1
10 mm axial 64.5 100.9 43.7 57.2 73.5 50.7
4  3 mm injector 62.9 68.6 59.4 9.2 56.0 41.6
AMRR ¼ 8 g/s
3 mm injector 73.8 75.0 73.1 1.9 45.8 26.1
6 mm injector 73.4 76.1 71.6 4.5 48.7 25.2
10 mm axial 79.0 105.7 67.9 37.8 54.6 25.3
4  3 mm injector 78.0 83.0 76.4 6.6 49.0 25.3following the tank pressure and temperature [8]; tanks are
equipped with an integrated system, including one thermo-
couple assembled on the high pressure valve at the tank inlet
[6]. Therefore, for the accuracy of the refueling, it is important
that the measured temperature is as close as possible to the
gas average temperature. This is generally only possible when
the temperature is homogeneous inside the tank. An extreme
example of this is observed in the case of a 10 mm diameter
nozzle. While the average temperature and the temperature
measured on the geometric main axis of the tank result well
below tank design temperature limit of þ85 C [3e5], areas
near the top part of the tank experience temperature can
achieve values around 100 C.
This high temperature in the gas phase can cause the
trespassing of the maximal allowed temperature also in the
solidmaterials of the tank and jeopardize its operative license.
Figs. 11 and 12 plot the evolution of the temperatures
measured on the upper part of the tank for both filling speeds
and for the four different injection configurations. In the slow
fillings (2 g/s) shown in Fig. 11, the long contact time enables to
develop heat exchange between the gas and the tank mate-
rials. This results in high temperatures at the linerecomposite
interface and at the tank external walls. In a slow filling (of
about 12 min) with a 10 mm opening nozzle, at the end of the
filling, and once the gas is above 100 C, a temperature as high
as 73 C is reached in the liner composite interface. ThisFig. 12 e Temperature evolution on top of the tank (gas
given by thermocouple 5, liner and wall) with 3 mm, 6 mm,
4 £ 3 mm and 10 mm openings and 8 g/s AMRR.
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ternal surface of the liner. Increasing the filling speed to 8 g/s
and as shown in Fig. 12, the bulk gas temperature is increased
by 10 C (comparing to the one shown in Fig. 11) but the lin-
erecomposite interface temperature is decreased by 20 C.
The temperature on the external surface of the tank is also
20 C lower. However, due to the big thermal inertia of the
materials, and especially of that of the composite wrapping,
an increase of the materials temperature could be expected
after the filling has finished. This has been the subject of a
dedicated paper [12].Conclusions
During a so called communicative fueling, the dispenser of a
hydrogen refueling station controls the filling parameters and
determines the final state of charge by measuring the tem-
perature and pressure of the on-board storage tank(s). The gas
temperature is measured only in one position in the tank.
Therefore, it is important to ensure as far as possible gas
temperature homogeneity. Undetected higher local tempera-
tures can be detrimental to tank materials integrity. Also, in-
homogeneity can influence the efficiency of the refueling:
undetected high temperature corresponds to lower gas den-
sity at the same final pressure, resulting in less than optimal
state of charge.
Since the area and geometry of the hydrogen injector are
known to influence the temperature evolution and homoge-
neity in the tank, the present study aimed at a quantitatively
assessment of the effect of the gas injection configuration on
the temperature evolution (and consequently the state of
charge) during the hydrogen refueling of a 1.5 kg capacity type
4 tank. The ambient temperature has been fixed at 20 C and
the gas delivery temperature at 20 C. The gas has been
injected through injectors with single openings of different
diameters (3 mm, 6 mm and 10 mm) and through an injector
with multiple openings (4 holes of 3 mm). The temperature
evolution of the gas has been measured for two mass flow
values representing typical slow (12 min) and fast (3 min)
refueling, by means of thermocouples placed at various po-
sitions from top to bottom of the horizontally positioned tank.
Also the temperatures of the external surface of the tank and
of the interface between the liner and the fibers reinforced
composite have been measured.
In general it can be said that bigger opening diameters and
slower filling cause larger gas temperature differences. The
temperature inhomogeneity consists in a vertical temperature
gradient, a so-called gas temperature stratification, with the
highest temperature value near the top of the tank. The final
gas temperature distribution can be explained as the preva-
lence of one of the two fundamental phenomena governing
gas behavior in the tank: the gas turbulence and the buoyancy.
The 3 mm diameter single opening injector produces homo-
geneous gas temperatures during filling independently of the
flow rate. During slow filling, gas temperature stratification
appears with both 6 mm and 10 mm opening injectors asso-
ciated to the gas velocity at the outlet of the injector going
below a certain value at a given time along the filling. During
fast filling, the gas temperature results still homogeneouswhen using the 6 mm injector; with a 10 mm injector, how-
ever, the temperature at top of the tank increases consider-
ably. This peak of temperature has been associated to a hot
cloud that moves along the very top part of the tank.
The use of a more complex injector geometry (multiple
small holes) is motivated by an attempt to attain homoge-
neous gas temperature alsowhenusing relatively big injection
area. The advantage of this solution appears evident for slow
fillings, because the gas temperature gradient is significantly
reduced compared to the effect of the 6 mm single opening
injector, which has similar total throughput area. However,
with the multiple holes injector, the gas temperature never
results completely homogenized, even at fast filling, which is
probably due to the multi-directional characteristics of the
mass flow leaving the injector.
Another general trend relates to the speed of filling. Slower
fillings produce lower average temperatures, but stronger
vertical temperature gradients; consequently, it can occur
that at the end of the filling the temperature measured at the
top surface of the tank results higher than in the fast filling
case. This however is also due to the longer time allowed for
the gas-to-wall heat transfer.Acknowledgments
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